INTRODUCTION 1
Progressive collapse is a situation when local failure is followed by the collapse of adjoining members, which in turn causes global collapse, and eventually, results in great loss of life and injuries. The design of structures against progressive collapse has not been an integral part of structural design.
However, some guidelines such as General Service Administration GSA [1] and Unified Facilities Criteria Department of Defence [2] guidelines have detailing requirements to reduce the likelihood of progressive collapse by altering the load path. The main approach to improving the structural resistance against progressive collapse is to increase redundancy and continuity in a structure, and ductility of a structural member.
Redundancy will allow the structure to redistribute the load from the part of a structure which has lost structural integrity to an alternative stiffer load path with remaining structural integrity.
This can only be achieved through continuity of the structure and the provision of adequate ductility. To 1 mitigate progressive collapse, efforts are directed at both code provisions and research work. In general code provisions, structural integrity reinforcement is required to improve redundancy and ductility in structures. To achieve continuity in structural components, tie forces are required to tie the elements together so they act as one unit.
When one of the critical load bearing elements is damaged or removed, connecting spans deflect until rotational capacity provided by the adjacent beams or slabs is exhausted. Then, the catenary action may allow the beam to carry vertical loads at large displacements.
The catenary action is considered as the last line of defence for a structure to mitigate progressive collapse when a load bearing element is removed or damaged. Regan [3] concluded that the successful development of a catenary action requires that the members in question possess not only tensile strength but also ductility, which is largely determined by the detailing of the longitudinal reinforcement.
The beam above a removed column undergoes three stages or mechanisms, flexural action (FA), compressive arch action (CAA) and catenary action (CAT).
Initially, all beams mobilize flexural action, which they are designed for and they are able to sustain the design load. When a column is removed, the span of the beam doubles and in most cases leads to large deflection occur in the beam. Compressive arch action, which enhances the flexural strength at critical sections, can be mobilized in the presence of axial compression provided by strong lateral restraints.
At large deflections, catenary action can be mobilized. Orton [4] found out that catenary action will not begin until the beam has reached a deflection equal to the depth of the beam. There are very few previous studies on catenary action of reinforced concrete beams and most of the experimental studies are concerned with catenary action of steel beams at ambient and elevated temperatures and under column loss scenarios MP. Byfield, De Matteis, & Dinu [5] ; Mike Byfield & Paramasivam [6] ; Izzuddin [7] ; Yin & Wang [8] .
Some quasi-static tests were conducted to demonstrate the structural behaviour of RC sub-assemblages subjected to column removal scenarios Choi and Kim [9] ; Sadek et al. [10] ; Sasani and Kropelnicki [11] ; Su et al. [12] ; Yi et al. [13] : Yu and Tan [14] . Figure 1 shows the effect of column removal on a typical building. As seen in Figure 1 , the bending moment significantly increases (approximately 4 times) due to doubling the span. Furthermore, the moment over the missing column reverses direction, positive where the beam was designed for a negative moment. All these changes may not be considered in the conventional design. 
PROGRESSIVE COLLAPSE RESISTING MECHANISMS OF REINFORCED CONCRETE STRUCTURES

DESIGN OF SPECIMEN
The specimen is assumed to be extracted from the middle of a multi-storey, multi-bay frame building. Figure  2 shows a part of a structure with the shaded area being directly affected by a removed column which represents the test specimen. A prototype frame building was designed and detailed according to ACI 318-05 [15] for non-seismic regions. The specimen was then scaled down to one-half of the prototype frame. Figure 3 shows the dimension and detailing of a typical specimen. Figure 4 shows a schematic plot for the loading test rig. To simulate the axial horizontal restraint for the beams, the ends of the specimens are connected to a steel frame by two load cells at each end, and these load cells are used to measure the horizontal forces that develop through the specimen during the test. In the vertical direction, a hinge roller support is used to restraint each end of the specimen. The reason for using a hinge roller support is to reduce the effect of the vertical reaction on the horizontal reaction in order to make vertical and horizontal reactions independent of each other.
TEST SETUP AND INSTRUMENTATION
The load cells used to measure the reactions in the horizontal direction have the ability to measure compression and tension forces with a carrying capacity of 250 kN each. The load is applied at the top of the middle joint using a hydraulic actuator with displacement control until the total failure of the specimens. The actuator with a built-in load cell was attached to a steel frame fixed into the strong floor of the structural laboratory. A steel plate and roller were used to support the bottom of each of the end column stubs.
Because the specimens were quite slender, a lateral steel restraint was installed near the centre of the specimens to prevent out-of-plane movement.
The RC sub-assemblage specimens are mounted with measuring instruments both internally and externally. The applied load imposed by the actuator is measured by using an in-built load cell which is connected in series with the hydraulic actuator jack. Seven external linear variable differential transformers were mounted along the specimen to measure vertical displacement along the length of the specimens. Four load cells are attached to the column stubs at the ends of the specimen to measure axial forces developed during the tests. These load cells have the ability to measure tension and compression forces. Figure 5 shows the layout of instrumentations along half of the subassemblage. 
TEST PROCEDURE
The load is applied using a hydraulic actuator with a monotonic loading regime until total failure of the specimens. During the test, all reaction forces at each side indicated as H1 and H2, as shown in Figure 5 are measured using load cells, and the applied load is measured using an inbuilt load cell at the actuator.
The displacement at the middle joint and along the length of the beam was measured by using linear displacement transducers as shown in Figure 5 . Therefore, the beam deflection at each load step could be determined, and axial forces developed through the beam can be calculated for each deflection value corresponding to each load step.
The test data and results were collected and recorded simultaneously at a sampling rate of 1.0 HZ using an MTS data acquisition system. Relationships of MJD, horizontal reactions (axial forces) and bar strains are plotted for each magnitude of applied load for the specimens.
MATERIAL PROPERTIES
The construction of the specimens was divided into two batches. Each sample was cast in a batch. During the process of casting, three concrete cubes of dimension 100 x 100 x 100 mm were sampled to obtain concrete compressive strength. One cylinder of dimension 300 mm height and 150 mm diameter was sampled and tested to obtain the modulus of elasticity. One prism of dimension 400 x100 x 100 mm were sampled to obtain the modulus of rupture. The compressive strength test of concrete was carried out in accordance with BS1881-116, 1983 [16] . Modulus of elasticity testing was carried out in accordance with ASTM, C39-03 [17] .
According to the specimen design, the targeted concrete compressive strength at 28 days was 28 MPa. Each set of cubes was tested at the day of specimen test and the average value of three cubes was taken as listed in Table 1 .
For steel reinforcing bars, three samples of longitudinal bars were tested in tension. Steel reinforcement properties are listed in Table 2 . 
TEST RESULTS AND DISCUSSIONS
In this section, experimental test results will be presented and illustrated. Test results include the relationship between applied load and middle joint displacement (MJD), axial forces vs. MJD, failure mode and crack pattern. Moreover, test results will be differentiated and categorized according to the resistance mechanism for three stages, flexural, compressive arch action and catenary action. Figures 6 and 7 show the relationships of applied load vs. MJD and axial force vs. MJD for specimen SS-1 and SS-2. Table 3 lists forces and their corresponding MJD at critical stages of load-deflection history.
The general trend of the load-displacement history can be divided into three stages, flexural action, compressive arch action and catenary action as shown in Figure 6 . The overall trends of the load-displacement relationship for specimen SS-1 and SS-2 were quite similar despite that they have different concrete strengths, which results in different flexural capacity as can be seen from Figure 6 . The peak flexural capacities were 34.0 and 34.9 kN for SS-1 and SS-2 respectively. After the peak loads were reached, plastic hinges were developed and bar fracture occurred. The abrupt drops in the applied load shown in Figure 6 were due to subsequent fracture of steel reinforcing bars at the bottom and top of the beam section. As shown in Figure 6 there is no separation point between flexural action and compressive arch action due to the fact that the compressive arch action developed at the beginning of the loading in axially restrained members. On the other hand, it is clear from Figure 7 that the transition point from compressive arch action to catenary action occurred only when axial loads changed from a compression force to a tension force. For SS-1 and SS-2, the catenary action started to develop at a MJD of 272.5 mm and 246 mm respectively. It is clear from Table 3 that the experimental flexural capacities were larger than the calculated flexural capacities. This is because the development of axial compression force through the beam occurred in the early stages of loading where the flexural action is assumed to dominate. At this stage, axial compression is not considered in the calculation of flexural capacity for the beam section. After the compressive arch action attained its maximum capacity, which depends on many factors such as concrete strength, the catenary action started to develop after the middle joint vertical displacement surpassed the beam depth.
The stage at which catenary action started to develop was after the fracture of bottom bar reinforcements at the middle joint, which means that the catenary action utilized the top bars in the middle joint. As the MJD increased further, the top reinforcement at the beam ends fractured, which is clearly shown in Figure 7 . At that stage, catenary action depends on the bottom reinforcement at the beam ends only.
As can be seen in Table 3 , the maximum tensile forces at catenary action for the specimens were quite similar, which means that the tensile forces depend only on the steel reinforcement. On the other hand, the large deflection for SS-1 may be related to the concrete strength and the crushing of concrete at the bottom fibre of the beam ends.
The overall crack pattern and failure mode for the specimens were quite similar. At flexural action stage, the cracks were concentrated at the beam-column joint interfaces, which are mainly caused by bending moments at these sections.
Cracks developed during flexural action with the presence of compressive arch action started from the extreme tension face of the concrete, running vertically through the beam section and terminating at the location of the neutral axis. As the applied load increased, the neutral axis shifted towards the compression face until the concrete crushed at the extreme surface in the compression zone.
Different from the flexural action, at the catenary action cracks, started to develop throughout the beam length and passed completely through the beam section. With the increase of the applied load, wide cracks and bar fracture occurred at the beam-column joint interfaces. It is worth mentioning, at the catenary action, the cracks were uniformly distributed along the beam length and a large slip between steel bars and concrete was observed at the beamcolumn joint interfaces. Figure 8 shows the crack pattern of specimen SS-1 at the flexural action. It shows clearly the developed flexural cracks at the beam-column joint interfaces. Figure 9 shows the crack pattern of specimen SS-1 at the catenary action, which shows a uniform distribution of the cracks along the beam length. In order to obtain progressive collapse capacity for each specimen, the non-linear quasi-static structural behaviour should be converted into non-linear dynamic behaviour. The proposed approach by Izzuddin et al. 2008[18] was used to obtain progressive collapse capacity.
This approach is based on energy equilibrium, which states that for the structure to be stable, the work done by applied gravity loads should be equal to the energy absorbed by the structure. In other words, the structure should have enough strain energy supply to absorb any energy demand caused by sudden loss of vertical support.
The converted non-linear dynamic behaviour is called the pseudo-static structural behaviour. Figures 10 show the pseudo-static structural behaviour of specimen SS-1 and SS-2.
From Figure 10 , the progressive collapse capacity for specimen SS-1 and SS-3 are 27.5 and 27.8 kN with a corresponding MJD of 249.5 and 123.9 mm respectively. This means that a total collapse will occur if the load increased beyond the load of 27.5 kN and the deflection cannot then be predicted for specimen SS-1.
The MJD corresponding to the maximum progressive collapse capacity occurs within the deflection range of compressive arch action. This means that the specimen was not able to increase its progressive collapse capacity into the catenary action stage and benefit from this structural action. The MJD for SS-1 was much larger for specimen SS-2. This can be related to the difference in concrete compressive strength, which is larger for SS-2 than for SS-1. Concrete members with larger concrete compressive strength may fail in brittle mode failure, while concrete members with smaller concrete compressive strength may have inherent ductility.
It is clear from Figures 10 , that the first peak pseudostatic resistance coincided with the first fracture of reinforcing bars in each specimen, indicating that bar fracture weakens progressive collapse resistance. The overall trends of pseudo-static responses were similar to those of quasi-static responses, but it is remarkable that the large catenary action capacities obtained from quasi-static tests were significantly reduced under dynamic situations.
CONCLUSIONS
In this study, the structural behaviour of two RC subassemblage specimens subjected to column loss scenario has been investigated.
Both specimens experienced three stages of resisting mechanisms, flexural, CAA and catenary action. The behaviour was dominated by flexure in the early stages of the response. With increased vertical displacement of the center column, resistance was provided through the development of compressive diagonal axial forces or "arching action" due to the restraint on the axial elongation of the beams by the end columns.
With further increase in the vertical displacement, the tensile axial forces developed in the beams and the behaviour was dominated by catenary action. There is no clear transition point from flexural to CAA due to the fact that the restraint beams can develop CAA even at early stages. While the transition point from CAA to catenary action was indicated by the change in axial forces from compression to tension.
The onset of catenary action stage occurred at a MJD equal to 0.98h -1.09h. CAA capacity was 17.1% -21.4 % larger than flexural capacity calculated based on the plastic hinge analysis. At catenary action stage, on the top of CAA, the resisting capacity was increased by up to 6.5% for specimen SS-1.
The failure of the specimens was characterized by (1) Crushing of concrete at compression zones during the flexural action. 
